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ABSTRACT
The high demand of energy efficiency has led to the development power converter
topologies and control system designs within the field of power electronics. Recent advances of
interleaved boost converters have showed improved features between the power conversion
topologies in several aspects, including power quality, efficiency, sustainability and reliability.
Interleaved boost converter with multi-phase technique for PV system is an attractive area
for distributed power generation. During load variation or power supply changes due to the weather
changes the output voltage requires a robust control to maintain stable and perform robustness.
Connecting converters in series and parallel have the advantages of modularity, scalability,
reliability, distributed location of capacitors which make it favorable in industrial applications. In
this dissertation, a design of µ-synthesis controller is proposed to address the design specification
of multi-phase interleaved boost converter at several power applications. This thesis contributes to
the ongoing research on the IBC topology by proposing the modeling, applications uses and control
techniques to the stability challenges. The research proposes a new strategy of robust control
applied to a non-isolated DC/DC interleaved boost converter with a high step voltage ratio as
multi-phase, multi-stage which is favorable for PV applications. The proposed controller is
designed based on µ-synthesis technique to approach a high regulated output voltage, better
efficiency, gain a fast regulation response against disturbance and load variation with a better
dynamic performance and achieve robustness. The controller has been simulated using
MATLAB/Simulink software and validated through experimental results which show the
effectiveness and the robustness.
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CHAPTER 1
INTRODUCTION
1.1 Overview
The reduction of carbon dioxide emissions to provide the motivation toward renewable
energy sources. Global warming is becoming an issue recent in years and the health issues increase
gradually because of fusil fuel burning and emissions of greenhouses. Consequently, researchers
are looking for alternative sources to supply electricity with less emission. One of these solutions
is the solar energy system that provide electric energy by converting the sun light into electricity.
Lower maintenance cost, no noise, no installation area limitation and unlimited source are the main
features of solar energy system [1]. The main drawback of this system is the low output voltage.
Power electronics devices have been always an important key in renewable energies and electric
transportation to improve electric systems efficiency and reduce energy consumption.
DC/DC boost converter is one of the important power converters that used to boost the PV
output voltage into higher voltage level, but it still is not able to reach the desired output voltage
level. For that, improved efficiency and high voltage level step up dc–dc boost converters are
demanded in many applications where the load voltage level is higher than the input voltage level.
Interleaved boost voltage has the ability to boost the voltage into high voltage ratio with more
advantages over the boost converter [2][3][4]. To handle the voltage and current stress in high
power application, multi power devices is used to connect the devices in series and parallel. Due
to the increase demand for energies as the individual converter is not enough to transfer the energy
[5]. Thus, devices that work in cascade or in parallel are applied to meet the increasing energies
demand [6].
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The problem of stabilizing the uncertain linear dynamic systems for IBC has been discussed and
analyzed for more than two decades as explained in [7]. The main issue with control systems are
differences between the real system and its nominal model which is used in control system design.
Previous researches have approached robust stability for interleaved boost converter under
nominal condition for all operating conditions but have not considered the model uncertainties. In
this research, µ-synthesis which can utilizes the robust stability of LFT based on linear system
with structed parametric uncertainties is applied to investigate the system robustness and
performance. The main issue with DC/DC converter’s control system is the differences between
the actual or real operating system and the linearized nominal model that is used to build the
controller. Perturbations such as external noises, parametric and dynamic uncertainties,
unmodelled non-linearities should be considered by control designer.
1.2 Literature Review
The research on robust control design is said to be started between 1975 to 1985 with a
breakthrough paper by Zames [8] which introduced theory which was quickly extended to more
general problems.
High voltage gain converters play an important role in different power applications such as
medical, aerospace, remote and dc distribution systems. Many high voltage gain topologies have
been in discussed in [9-12] with normal high ratio. However, many of them are complex and costly.
The IBC technique has gained interests in the field of power distribution systems as it provides
solutions to maintain a high voltage gain, low devices stress, a high efficiency at normal duty ratio
which make it more popular for many industrial applications.
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The DC/DC interleaved boost converter is regulated by feedback control to maintain a constant
output voltage. Many control techniques have been used to regulate the load voltage such as
classical linear regulators (PID and PID)[9][10], and Linear Quadratic Regulator (LQR)[11] are
based on averaged small-signal. They show fixed output voltage, but they show unsatisfactory
performance in case of disturbance and load variation. The uncertainty presented by averaged
small signal is large which make these regulators unsatisfied. Robust control techniques have been
applied in many research to cope the uncertainty and to achieve a satisfactory performance
[7][12][13][14]. This research proposes a robust controller using mu-synthesis approach to attain
a fast-dynamic response, to maintain stability, robust performance, and sufficient disturbance
rejection against the variation of input voltage, load, and reference voltage for different IBC
applications. Many robust control techniques have been presented in [15][16][17][18] and [13].
The mentioned issue above has become the motivation for this research to design a robust
controller for a DC-DC interleaved boost converter based on the µ-synthesis approach for several
applications.
1.3 Research Objective
Due to the continuous emergence of interleaved boost converters and cascade converters,
many questions about their modeling, control, advantages and disadvantages arise. Consequently,
a significant effort has been devoted to developing the converter for medium voltage applications
such as motor drives. Since the design of the cascade IBC requires a good conception of the
operation principles of the converter, first the modeling approach should be chosen to provide an
analysis of the converter’s operation. Another issue to consider will be the design of the robust
controller for the DC bus, which can be accomplished by applying mu-synthesis and H-infinity.
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Some of the main drawbacks of the cascade IBC will be addressed in this research. One of these
drawbacks is maximizing the reliability of the converter.
The main objective of this thesis is to introduce different IBC topologies for various power
applications and to design a µ-controller to regulate the load voltage for different converter
applications. By the theoretical studies, the applicability of the proposed topologies and the
validation of the control strategy will be affirmed by simulation and experiment. Briefly, the
dissertation’s objectives are:
i)

This study proposes the analysis and the robust control of multi-phase interleaved boost
converter.

ii)

A comprehensive model to describe the dynamics of the IBC

iii)

Robust control based on µ-synthesis analysis for four-phase IBC is developed to
achieve stability, high performance, and disturbance rejection ability against load
changes, different reference voltages, and input supplies variation.

iv)

Betterment in the response of load transient of average voltage-mode and current
controlled interleaved boost converter is maintained.

v)

To propose a novel DC/DC Multi-stage Multi-phase IBC for PV system, with less
ripple current and devices stress.

vi)

To propose closed-loop robust voltage and current controller of the IBC for cascade
system and to achieve a high output voltage with reduced input current ripple and
improved efficiency.

vii)

To propose control strategies for the proposed topologies which regulate the DC-sides
voltage and guarantee the robust performance for three-phase AC system.

viii)

Improving the system reliability with less size and less cost.
4

1.4 Outline the thesis
The thesis is arranged as follows:
•

Chapter 1, this chapter begins with an introduction followed by literature review. Thesis
goals are mentioned in this chapter.

•

Chapter 2 provides a comprehensive description on the design, modeling and analysis of
multi-phase interleaved boost converter at different control strategies. Steady states are
discussed, and comparison studies are presented. The transfer function of the output
voltage to duty cycle is delivered.

•

Chapter 3 discusses PV system, different PV applications interconnected with IBC are
simulated and discussed in this chapter. A novel method to transfer high energy conversion
is represented.

•

Chapter 4 represents cascade converters and discusses the stability issue. Hamiltonian
stability method and Middlebrook stability criterion are discussed to ensure stability and
for different models of PV applications.

•

Chapter 5 explains and introduces both the conventional and proposed the proposed control
of µ-synthesis and the application of this technique on boost converter, four-phase IBC.
The design of the prototype of the four-phase IBC is presented.

•

Chapter 6, the simulation validation of the proposed control strategy is presented in this
chapter for several power converter applications.

•

Chapter 7 concludes the work undertaken in this research. Future work suggestions are
mentioned.
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CHAPTER 2
INTERLEAVED BOOST CONVERTER
This chapter deals with the principle of operation, design procedure, modeling analysis and
simulation of Interleaved Boost Converter (IBC) for low and high-power application demands the
use of DC/DC, AC/DC and DC/AC converters.
2.1 Boost converter
The boost converter or named a step-up converter is a device that used to boost or step up
the input voltage level into higher voltage level and step-down the input current. It is a type of
switch-mode power supply which includes a semiconductor transistor, Q, a power diode, D, an
inductor, L, and a capacitor, C. Figure 2.1 depicts the circuit of boost converter. Vi is the supply
voltage, and R is the resistive load.

L

Vi

D

Q

C

R

Figure 2.1 Boost Converter circuit.
The main drawbacks of boost converter are: 1) poor dynamic performance due to the right half
plane zero. 2) hard to handle the high input current for high power application, 3) to obtain a high
output voltage at low duty cycle ration, 4) unable to achieve a high voltage gain due to the parasitic
resistance and inductance and 5) large input current and output voltage ripples that effect the
stability and reduce the efficiency [19],[20].
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2.2 Interleaved boost converter
IBC is used widely in some applications such as Photo Voltaic (PV), ultracapacitors, fuel cells,
power factor correction, batteries, medical applications, hybrid electric vehicle and satellite
applications where the input voltage is low, and the desired output voltage is much higher. IBC
has

many

advantages

compared

to

conventional

boost

converter

such

as

[21][22][23][24][25][26][27]:
1) higher efficiency and improved reliability,
2) high voltage gain with moderate duty cycle,
3) improved steady-state and faster dynamic response,
4) high power density,
5) less input current and output voltage ripples because of the harmonic cancellation,
6) reduced electromagnetic emission EMI,
7) reduced components size and weight,
8) less voltage and current stress which result in better thermal performance.
Figure 2.2 shows the circuit diagram of IBC which contains of two boost or (multi boost
converters) connected in parallel sharing input supply voltage, output capacitor and load. The
inductor current frequency will be increased due to the interleaving technique that makes the it
east to filter [28]. The semiconductor switches Q1 and Q2 are provided by the gate signal using
different methods; same signal at the same time for all switches, positive signal for half period and
the negative signal for the other half and phase shift delay of each switch that equal to (360/n)
where n is the phase number.
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L2

iL2

D2

L1

iL1

D1

Q1

Q2

+

C

Vi

Vc

R

-

Figure 2.2 Interleaved boost converter (2-phase).
2.2.1 Modeling and Analysis of IBC:
The converter could work in Discontinuous Conduction Mode (DCM) or in Continuous
Conduction Mode (CCM) but the performance with CCM has better operation of power devices,
lower conduction losses and less input current ripple [21],[29]. Modes of operation can be analyzed
based on the control signals applied for each switch. In CCM, stability problem is caused by rightplane zero in the transfer function [30],[31],[32]. The state-space averaging technique is applied
to analysis the two-phase interleaved boost converter and to find its transfer function [33].
Mathematical model is obtained based on the state-space equations to linearize the system from
the nonlinear time-varying model [34]. The capacitor voltage vc and inductor currents iL are the
state variables. To illustrate the operation of IBC, the pulse signals of switches is shown in Figure
2.3 where the converter works on two modes with phase shift 360/2=180o. There are two modes
of operation:
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180o

Q1

Q1

Q2

Q2
f

Mode 2

Mode 1

360o
Figure 2.3 Control signal of Q1 and Q2.
1) Mode 1: Q1 is ON and Q2 is OFF. (Fig. 2.4)
The inductor current IL1 starts to raise and storing energy in L1, while L2 discharging energy
into to the load side. Applying KVL and KCL of the circuit, the dynamic equations for this
mode are derived as follows:Equation Section (Next)Equation Section (Next)

diL1

Vi
d
L1

(2.1)

Vi − vc
d
L2

(2.2)

dvc iL2 vc
= −
dt
C RC

(2.3)

dt

diL2
dt


0 0


A1 = 0 0

1

0 C

=

=

d 

L 
0 
 1

−d 
d 
, B1 =   .

L2
L
 2

0
−1 
 

RC 
 

2) Mode 2: Q1 is OFF and Q2 is ON. (Fig. 2.5)
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(2.4)

The inductor current IL2 starts to raise and storing energy in L2, while L1 discharging energy
into the load side. Applying KVL and KCL, the dynamic equations are written as:

diL1
dt

=

diL2
dt

Vi − vc
(1 − d )
L1

(2.5)

Vi
(1 − d )
L2

(2.6)

=

dvc iL1 vc
= −
dt C RC

0

A2 =  0

1
 C

0
0
0

(2.7)

 (1 − d ) 
−(1 − d ) 
 L 
 1 
L1 

 (1 − d ) 
0  , B2 = 
.
L2 



−1 
 0 
RC 





(2.8)

The linearized state-space averaged model of two-phase IBC is derived as:
X = AX + BU

(2.9)

Y = CX + DU

L2

D2

L1

D1

Q1

Q2
C

DC

Figure 2.4 Equivalent circuit during mode 1.
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R

Where A = A1d1 + A2 d 2 , B = B1d1 + B2 d 2 and d = d1 + d 2

0


X =0

1
C


0
0
1
C

−(1 − d ) 
1

L 
L1
  iL1   1 
−d     1 
iL +
u
L2   2   L2 
 v
 
−1   c   0 
 
RC 
 

(2.10)

 iL1 
 
Y =  0 0 1 iL2  .
v 
 c

L2

D2

L1

D1

Q1

(2.11)

Q2
C

DC
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Figure 2.5 Equivalent circuit during mode 2.
The transfer functions of the two-phase IBC are determined as below [31],[35],[36]:
Vo ( s )
RCs + 1
=
L
Vi ( s ) (1 − d )[ LC s 2 +
s + 1]
2
(1 − d )
R (1 − d ) 2

R(1 − d ) 2
)Vi
Vo ( s )
L
=
1
(1 − d ) 2
d ( s)
2 2
RC (1 − d ) [ s +
s+
]
RC
LC

(2.12)

(− s +

11

(2.13)

Vi
iL ( s )
=
d ( s) L(1 − d )

2
RC
.
s
(1 − d ) 2
2
s +
+
RC
LC
s+

(2.14)

2.2.2 Four-phase IBC
The four-phase interleaved boost converter consists of four boost converters connected in parallel
as shown in Figure 2.6 [37]. The converter could operate in different cases as below:
•

Case A: The switches of IBC have a phase shift delay of (360o/n) or (2π /n) where n is the
number of phases. In this case different operation settings are illustrated based on the value
of the duty ratio are displayed in Figures 2.7 - 2.9.

•

Case B: The switches of IBC have the same pulse signal for all switches as illustrated in
Figure 2.10.

•

Case C: The switches IBC have one signal for two-phases and the complementary signal
for the next two-phases as illustrated in Figure 2.11 [38][39].

The Figures 2.7-2.11 display the inductor current and input current ripple for each case.
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Figure 2.6 Switching type and inductor current waveforms (d = 0.25).
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Figure 2.7 Switching type and inductor current waveforms (d = 0.5).
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Figure 2.8 Switching type and inductor current waveforms (d = 0.75).
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Figure 2.9 Switching type and inductor current waveforms (d = 0.5)
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Figure 2.10 Switching type and inductor current waveforms (d = 0.5).
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2.2.3 IBC design
Assume that Vi, Po and R are known, the output voltage and current can be selected based
on the following equation [40][41][42][43][6][44]:

P=

Vo2
= Vo I o .
R

(2.15)

1) Inductance, L
The minimum value of the inductance is calculated as [45]:

Lmin =

d (1 − d ) 2  R
.
2 fs

(2.16)

Vs  d
.
f L

(2.17)

In term of iL which is chosen as follows:

iL =

Then, the inductor value can be calculated as below:
L=

Vs  d
.
iL  f s

(2.18)

2) Capacitance, C
The capacitor value can be selected based on the following equation:
Cmin =

Vo  d
.
R(Vo ) f s

3) Duty ratio, d
Duty cycle ratio is the same as for boost converter, which varies from 0 to 1.
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(2.19)

d = 1−

Vi
.
Vo

(2.20)

The converter operation conduction mode is approached based on these chosen parameters.
2.3 Simulink Model
Four-phase IBC is modeled using MATLAB/SIMULINK software and a comparison of
different control signals is applied. Figure display the simulation model. The model parameters
are listed in Table 1. The state-space equations of multi-phase IBC can be derived as a general
form as fellow [46]:

Ln

C

diLn
dt

= Vi − (1 − d n )Vo ,

(2.21)

N
dvo
V
=  (1 − d n )iLn − o .
dt
R
n =1

(2.22)

where n is the number of phases.
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Figure 2.11 Simulation model of IBC.
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Table 2.1 Model parameters.
Parameter

Value

Input voltage, Vi

15 V

Inductor, L1=L2=L3=L4

560×10-6 H

Capacitor, C

400×10-6 F

Resistor, R

250Ω to 125Ω

Switching frequency, fs

10KHz

Output voltage, Vo

362 V

The simulation waveforms of the input current, output voltage, the inductor currents and PWM
signals are shown in Figures 2.12-2.18.

Figure 2.12 Output current
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Figure 2.13 Output voltage

Figure 2.14 Inductor current
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Figure 2.15 PWM waveform.

Figure 2.16 Input ripple current.
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Figure 2.17 Output voltage ripple.

Figure 2.18 Voltage stress of switches.
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2.4 AC/DC Interleaving Boost Converter
IBC has the features of reduced power factor and harmonic distortion to enhance the
stability of AC/DC power system [47],[43]. That make it widely used in power factor corrections
due to the high-power factor and reduced input current ripple [48]. The output filter capacitor
causes a oscillating input current which affects the unity power factor and amount of harmonic
distortion [49].
Fig. 2.19 depicts the block diagram of IBC for AC/DC power system (Power Factor Correction,
PFC)

AC

Full-wave
Rectifier

IBC

Energy-stored
Capacitor Bank

R

Figure 2.19 AC/DC power system.
2.5 DC/AC Interleaved Boost Convert
DC-AC power conversion with three phase inverter and boost converter is an advanced
design to connect the PV source to the grid. IBC is used rather than the conventional boost
converter, which provide high dc/ac voltage gain, to boost up the PV output voltage into desired
grid voltage [50]. Using extremely efficient power converters such as IBC could help energy
providers to save the energy and thus results in more economic benefits [51]. The DC distribution
system when compared to AC distribution systems has the advantages of better efficiency and
power quality beside the lower conversion units and improved performance than the AC
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distribution systems [52]. The system consists of dc supply, four-phase IBC, the inverter, the filter,
and the control system to improve the system performance as displayed in Fig. 2.20.
The desired ac grid voltage level from a low voltage dc source such as PV sources or batteries, is
approached by using a transformer to step-up the inverter voltage. But this solution has many
disadvantages such as loud noise, large size, lesser power/weight ratio, and costly. To overcome
this issue, dc-dc IBC power electronic topologies can be used [50]. Many research are interested
in producing a high voltage level (400 DCV) from a PV low voltage where the integration of the
dc distribution request a high voltage gain converter [53]. The DC-link voltage suffer from the
oscillation due to the fast dynamic of inter-area power transfer results in poor damping [47].

IBC

DC

Inverter

LC Filter

Load

Figure 2.20 DC-grid configuration.
2.6 Conclusion
In this chapter, a multi-phase IBC is designed, analyzed and simulated at different cases.
The IBC showed better performance with less input current ripple and size. Using of the technique
of shift-delay has a significant effect on the input current and output voltage ripples. Based on the
open loop simulation, the IBC shows higher voltage ratio and reduced input current and output
voltage ripples.
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CHAPTER 3
PHOTOVOLTAIC AND MPPT
3.1 Introduction
After the birth of transistor in late 1920s, scientists at Bell Telephone Laboratories have
discovered the PV effect by noticing the electric current produced when the silicon exposed to the
light by 1985 [54]. This discovery has made a large expanding for the use of PV energy. Solar PV
generation raised by more than 30% in 2018 to 584.63 TWh/year and become the largest
generation growth among all renewable sources for the first time. It is estimated to be the fastest
growth of all renewable energy source in 2020. In term of generation, PV solar source is the fourthlargest renewable electricity technology with capacity of 97 GW. Figure 3.1 shows the increasing
of global renewable energy generation and investment in solar renewable energy technology from
2000 to 2020 [55],[56],[57].
Generating power for electricity from green sources like PV source has more attention in the last
decades and have been carried out by many researchers for different industrial application because
of the negative impact of fuel generators on the environment. Solar PV converts the energy from
the sun into electricity with less pollution, less maintenance, and less noise. Since the output
voltage of the PV array is changeable due to the weather conditions, it is required to use power
electronic for solar PV applications [58]. The output power fluctuates with the sun intensity and
the temperature amount which make a power tracking system is needed to locate the highest power
level and to maintain efficient operation for PV systems. Maximum Power Point Tracking MPPT
is the technique that used to regulate the DC-DC converter to assure maximum power is harvested.
This chapter scopes on modeling of solar PV and MPPT controller design for IBC and CIBC. The
performance is analyzed and tested using MATLAB/Simulink software.
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Figure 3.1 Generation power vs Investment of PV system
3.2 PV Characteristics
Solar cells are devices that use photovoltaic effect to transfer sun light into electricity. They are
series and parallel connections to constitute the large PV array that meets the desired output voltage
and current. PV cell circuit is equivalent to current supply circuit stimulated by the intensity of sun
light or (irradiance) and temperature with parallel diode and resistance load, Rsh and another output
resistance load, Rs in series as depicted in Figure 3.2. Equivalent circuit of PV array is depicted in
Figure 3.3.

Io

Iph

Id

Ish

Rs

Rsh

+

Vo
-

Figure 3.2 Equivalent circuit of single solar cell.
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Figure 3.3 Equivalent circuit for complete PV array.
The light intensity (G) and temperature (T) have the influence on the solar panel to produce the
amount of current. The output current is determined by [59]:Equation Section (Next)

I o = I ph − I d − I sh ,

(3.1)

where
I ph = [ I sc + K (To − Tref )]G
I d = I s (e
I sh =

q (Vo + I o Rs )
pKT

− 1)

.

(3.2)

Vo + I o Rs
Rsh

Here Io is the output current, Iph is the photocurrent, Id is the saturation current of diode reverse, Vo
is the PV output voltage, q is the electronic charge (1.6x10-19C), K is Boltzmann constant (1.38x1023

), p is the diode ideality constant, T is the outside temperature, G is the solar irradiance and Isc is

the short current of the cell. The output current of the PV system is given by the following equation
[60]:
q (VPV + iPV Rs _ PV )

I PV = n p I ph − n p I s (e

ns pKT
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− 1) −

VPV + I PV Rs _ PV
Rsh _ PV

,

(3.3)

where Rs _ PV =

ns
n
Rs and Rsh _ PV = s Rsh . np is the number of parallel cells and ns is the number of
np
np

series cells. The PV output voltage is increased by more series cells while parallel cells increases
the output current.
The PV power is Po = VPV  I o in watt. P-V characteristics curve based on the equation 3.3 is shown
in Figure 3.4 which exhibits the changes of the maximum power amount with the changing effect
of G and T.

Figure 3.4 P-V characteristics.
The Fill Factor (FF) is to scale the junction quality and series resistance which is desired to unity
can be determined as [61]:

FF =

Vmp  I mp
Voc  I sc

.

(3.4)

The PV efficiency is defined as:

=

FF  Voc  I oc
.
Pin

Here, Pin is the incident power.
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(3.5)

3.3 MPPT Algorithms
MPPT algorithm is a technique used to generate the control signal of power switches for
device connected between the PV panel and the load in order to achieve maximum efficiency. It
plays an important role to stretch the efficiency of PV system because of the non-linear voltagecurrent (V-I) characteristics with a certain point to harvest the maximum power which depends on
the weather changes the reflect on the temperature and the sun irradiance conditions. The algorithm
is to track and locate the maximum power point under different weather conditions to provide the
load with the available maximum power. The harvest power transferred by the solar PV system
relys on PV voltage and the amount of load current in case of constant weather conditions. Many
MPPT algorithms are discussed in [62][63][64][65].
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Figure 3.5 Flowchart of basic MPPT algorithm.

31

Types of MPPT Algorithms
MPPT algorithms are the techniques applied in controller designs for PV systems to ensure MPP
are reached under variable irradiance and temperature. Several algorithms are described in the
following.
1) Perturb and Observe P&O
The P&O method perturbs and operates the voltage regulation of the PV module in order to
approach the maximum power’s direction change that takes the same direction in case of the power
increases, and reversed direction in case of the power decreases. The solar panel characteristics is
not required as inputs for this technique which give it the advantage over the other methods. Beside
the low-cost microcontroller, straight computation and the simple of implementation [66],[67]. Its
method of operation is by perturbing the duty cycle regularly and comparing the PV output power
with preceding measurement. Rapid weather changes may cause failure for this method.
2) Hill climbing algorithm
As displayed in the P-V characteristics (Figure 3.4), it is observed that when the system voltage is
operating on the left of the MPP, incrementing the voltage raises the power and decrementing the
voltage decreases the power while the opposite when operating on the right of the MPP. Therefore,
the raise in power should the following perturbation the same to locate the MPP. The process will
reach MPP when repeatedly. If oscillation occurs, then the perturbation step size should be reduced
but this could the tracking of the MPP. Variable perturbation size is a solution of this issue which
have been discussed in [68] and [67]. Rapidly weather changes might result in failure. Comparing
the actual power point with another two proceeding points by using three-point weight comparison
can solve this as proposed in [69].
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3) Incremental conductance InC
The IC method is one of the efficient methods utilizes the PV array’s incremental conductance
di/dv by measuring the incremental conductance to the instantaneous conductance that applies the
condition (dp/dv=0) to reach the highest power point which result in a high performance by
increasing or decreasing the voltage under changing conditions while comparing these
measurements [70],[71]. The MPP locates when the slope of PV equal zero, left when the slope is
positive and right when the slope is negative as illustrated in Figure 3.4 [64]. In general, once the
PV array is located at the MPP, the system will maintain at this point unless the weather conditions
are changed, then the algorithm will decrement or increment to track the new MPP and to adjust
the VMPP.
4) Fuzzy logic control
This method became popular since the use of microcontrollers [64]. It has the advantages of
working with different inputs, nonlinearity, and no need for perfect mathematical
model[72][73].The technique depends of three steps: fuzzification, rule base table search, and
defuzzification[64], [74]. The designer has the flexibility to choose the error which is the controller
inputs.
5) DC-Link Capacitor Droop Control
The technique is designed for parallel connection PV array that fed an ac system which doesn’t
seek computation of the PV power. It is based on the relation of the grid output voltage and the
PV voltage and the grid input current and stabilizing the power at each stage within the maximum
power harvested from the PV array to keep the VDC-link constant [75].
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The algorithms above are popular for MPPT but the differences between them in the
implementation, tracking speed, number of steps, cost, and the efficiency [76]. For this work, a
simple P&O and InC methods has been applied for the IBC.
3.3 DC-DC Interleaved Boost Converter for PV Application
DC-DC boost converter is used to raise the output voltage level of the PV array to desired
grid voltage level to improve the efficiency of PV panel which can provide higher voltage gain
with high current and voltage ripples which can be disadvantages [77]. Since the output voltage of
PV system is low, a dc-dc boost converter is needed to step-up the PV output voltage into the load
voltage. Boost converter can do the mission within limited input current. For high current,
interleaved boost converter has the advantage to handle it with less ripple, less inductor size,
improved reliability and better efficiency. IBC, as displayed in Figure 3.6, is multi boost converters
connected in parallel and sharing the input voltage, output capacitor and load which leads to
diminish current and voltage ripples, reduce harmonics and expedite efficiency [78],[79]. The
phase shift of each switch is ( 360/n ) where n is the number of phases. The dc-dc boost converter
sourced by PV system is a third order nonlinear system with states of inductor current iL, PV
voltage Vpv and load voltage Vo. The state-space model is written as follows [59]:
iL1 =

1
1
(VPV − Vo ) + Vou
L1
L1

(3.6)

iL2 =

1
1
(VPV − Vo ) + Vou
L2
L2

(3.7)

iL3 =

1
1
(VPV − Vo ) + Vou
L3
L3

(3.8)

iL4 =

1
1
(VPV − Vo ) + Vou
L4
L4

(3.9)
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1
(iPV − ii )
Ci

(3.10)

V
1
1
(ii − o ) − ii u .
Co
R Co

(3.11)

vPV =

vo =

Where Ci is the input capacitor, Co is the output capacitor, L is the inductor value, Vo is the desired
output voltage, R is the load resistance and u is the converter switch signal which varies from 0 to
1.
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Figure 3.6 Four-phase interleaved boost converter for PV system.
A boost converter is compared with a two-phase interleaved boost converter for PV application.
The system specification is listed in Table 3.1. It is clear from Figure 3.7 which shows the inductor
current for the boost and the two-phase IBC that the IBC has less inductor current and less ripple
as well and it has higher output voltage as shown in Figure 3.8.
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Table 3.1 PV-IBC specifications
Parameters

Values

Parallel cells, Np

11 cells

Series cell, Ns

1 cell

Maximum power, Pm

305.226 W

Open circuit voltage, Voc

64.2 V

Voltage at maximum power, Vmp

54.7 V

Short circuit current, Isc

5.96 A

Current at maximum power, Imp

5.58 A

Irradiance, Ir

800 W/m2

Temperature, T

36 Co

Inductor, L

560×10-6 H

Capacitor, Ci=Co

100×10-6 F

Resistance load, R

200 Ω

Switching frequency, fs

10 KHz
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Figure 3.7 Inductor current.

Figure 3.8 Output voltage.

3.4 Grid-connected PV system
PV solar system is used to deliver power into standalone applications and grid connected
applications which has been introduced to enable the large amount of solar energy introduced from
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distributed PV generation units [58], [80]. The IBC has the features of high reliability, reduced
size and cost which make it favorable for PV-grid application.
The advantages of using IBC in PV-Grid application are:
•

Improve the power conversion efficiency.

•

Regulate the DC-bis voltage.

•

Improve power factor.

•

Reduce the total harmonic THD.

Simulation example:
A four-phase IBC is designed to interface PV grid with specifications listed in Table 3.2. The
load is step changed at 0.4 sec which gives the output voltage in Figure 3.9 and output current in
Figure 310.
Table 3.2 PV-grid specifications
Parameters

Values

Parallel cells, Np

11 cells

Series cell, Ns

1 cell

Irradiance, Ir

800 W/m2

Temperature, T

36 Co

Maximum power, Pm

305.226 W

Open circuit voltage, Voc

64.2 V

Voltage at maximum power, Vmp

54.7 V

Short circuit current, Isc

5.96 A
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Current at maximum power, Imp

5.58 A

Inductor, L

560×10-6 H

Capacitor, Ci=Co

100×10-6 F

Resistance load, R

100 Ω to 50 Ω

Switching frequency, fs

10 KHz

AC frequency

50 Hz

DC-bus voltage

350 V

Grid peak voltage

400 V

Figure 3.9 Grid output voltage.
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Figure 3.10 Grid output current.
3.5 Proposed control for cascade IBC for PV application.
The maximum power extraction of PV array is achieved by using Maximum Power Point
Tracking (MPPT) technique to inject power to grid as a constant power load [81], as shown in
Figure 3.11(a), but the system will suffer from the instability in case of load disturbance. Feedback
voltage or current control technique, as shown in Figure 3.11(b), is applied to solve the stability
issue but the maximum power extraction is not achieved. The use of Cascade Interleaved Boost
Converter (CIBC) is a solution where the PV-converter is regulated by MPPT technique because
its connected directly to the PV system and the load-converter is controlled by µ-controller to
maintain the output voltage constant and stable as displayed in Figure 3.12. The objective of this is
to design a robust control for CIBC to maintain constant output voltage and to ensure maximum
power is transferred from the PV arrays to the system.
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Figure 3.11 Control techniques: a) MPPT control, b) Feedback control.

Figure 3.12 Proposed control system.
State-space Analysis
The state space analysis technique is applied to analysis the four-phase converter which will be
controlled by MPPT controller. The four-phase IBC is working in different modes. In this study the
four switches are phase-shifted by 90o in four modes:
•

Mode 1: Q1, ON, while Q2, Q3 and Q4 are OFF.

The supply current starts to storage energy in L1, while L2, L3 and L4 discharge energy into the
load as displayed in Figure 3.13.
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Figure 3.13 Equivalent circuit of Mode 1.
Applying Kirchhoff’s laws to determine the state equations as follows:

diL1
dt
diL2
dt

=

diL3
dt

=

=

diL4
dt

VPV
s1
L1
=

VPV − vc
(1 − s1 )
L2

dvc iL2 iL3 iL4 vc
.
= + + −
dt
C C C RC
•

(3.12)

(3.13)

(3.14)

Mode 2: Q2, ON, while Q1, Q3 and Q4 are OFF.
The supply current starts to charge energy at L2, while L1, L3 and L4 discharge energy into

the load as displayed in Figure 3.14.

Figure 3.14 Equivalent circuit of Mode 2.
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Kirchhoff’s current and voltage laws can be written as:

diL2
dt
diL1
dt

=

diL3
dt

=

=

diL4
dt

VPV
s2
L2
=

VPV − vc
(1 − s2 )
L3

dvc iL1 iL3 iL4 vc
.
= + + −
dt C C C RC
•

(3.15)

(3.16)

(3.17)

Mode 3: Q3, ON, while Q1, Q2 and Q4 are OFF.

The PV output current starts to charge energy at L3, while L1, L2 and L4 discharge energy into
the load as displayed in Figure 3.15.

Figure 3. 15 Equivalent circuit of Mode 3.
Kirchhoff’s current and voltage laws can be written as:

diL3
dt
diL1
dt

=

diL2
dt

=

=

diL4
dt

VPV
s3
L3
=

VPV − vc
(1 − s3 )
L1

dvc iL1 iL2 iL4 vc
.
= + + −
dt C C C RC
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(3.18)

(3.19)

(3.20)

•

Mode 4: Q4, ON, while Q1, Q2 and Q3 are OFF.

The PV output current starts to charge energy at L4, while L1, L2 and L3 discharge energy into
the load as displayed in Figure 3.16.

Figure 3.16 Equivalent circuit of Mode 4.
Kirchhoff’s current and voltage laws can be written as:

diL4
dt
diL1
dt

=

diL2
dt

=

=

diL3
dt

VPV
s4
L4
=

VPV − vc
(1 − s4 )
L1

dvc iL1 iL2 iL3 vc
.
= + + −
dt C C C RC
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(3.21)

(3.22)

(3.23)

CHAPTER 4
CONVERTERS CONNECTION
4.1 Introduction
Power converters could be connected in series (cascade) or parallel (multi-level) for high
voltage or low current gain and high- power applications. They have been introduced and
developed in 1960s and have applied to many industrial applications successfully and become a
solution for different power distribution systems and renewable energy sources for medium and
high voltage applications [82]. Nowadays, cascade converters for high-power applications are
gaining more attention, and are becoming one of the choices for new topologies and control in
many industry applications as it has many advantages such as (i) scalability to provide the required
voltage level of the load , (ii) improved harmonic performance and efficiency, and (iii) increase
the converter configuration. The industrial applications of power converters are such as Flexible
AC Transmission System (FACTS), industrial drives and traction systems, distributed generation,
military applications, submarine power systems, medical appliances, high voltage direct-current
(HVDC) transmission, hybrid electric vehicles charge stations, clean energy such as PV and wind
energy [83][84][85][86]. The design of cascade converters presents some challenges such as
nonlinearity and stability issue due to the interaction between the converters.
The idea of multilevel topology was proposed by William McMurray in 1971 [87] for
cascade H-bridge and Flying Capacitors by [88]. The diode-clamped converter was invented by
Baker in 1980 [89] then followed by the three-level Neutral Point Clamped converter in 1981 [90]
and become commercially available for medium voltage application in the 1990s.
In order to achieve high-voltage levels or high-power capability, a single converter would
be insufficient. Therefore, to increase the voltage level and power capability, several converters
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are connected in series to increase the voltage ratings, or in parallel to increase the current
capability. Combination of both series and parallel converters is used in distributed power systems
with high efficiency with high voltage rating and high current capability.
4.2 Cascade Converters
Series boost converters were introduced as a solution to exchange the conventional boost
converter to boost the overall voltage gain and to enhance the system operation at low duty cycle
by each converter where typical boost converter need extreme duty ratios to achieve the highvoltage step-up which result in more conduction losses and diode reverse recovery problem. When
power boost converters are cascaded in series for high-voltage application, the steady-state and
transient voltages will be divided equally among the individual series converters which is often
challenging. The main drawbacks of cascade converters are the high number of semiconductors
and switches which results in increased losses. Also, the oscillation produced on the first-stage
could be enlarged within the next stages.
The power ratio of multi-stage boost converter is:Equation Section (Next)
Vo
1 n
=(
) .
Vi
1− d

(4.1)

The system efficiency for multi-stage boost converters is:

T = 1 2  n ,
where n is the number of cascaded converters as shown in Figure 4.1.
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(4.2)

2
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n

....

Vi
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Figure 4.1 Cascade power boost converter.
4.3 Multi-level converters
Parallel or multilevel converters (Figure 4.2) are a good choice for supplying different
applications and being used in the grid system, due to the features of good power quality, high
efficiency, improved reliability, reduced harmonic, better electromagnetic compatibility (EMC),
and long term maintainability [91]. By increasing the number of voltage levels within a converter,
the harmonic content is decreased. This helps to avoid filtering, reduce electromagnetic
interference, and reduce losses due to a lower switching frequency requirement. The main
drawbacks are the high number of semiconductors and switches, and the high circulating current.

L1

+
Co_1

-

+

L2

+
Co

Co_2

DC

Ln

.
.
.

+
Co_n

-

Figure 4.2 Multi-level boost power converters.
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Ro

R

4.4 Cascade IBC
The features of IBC, mentioned in section 2.2, could be added into the cascading benefits
to get more reliable system with better efficiency and to overcome the limitation of the voltage
conversion of single converter. Two three-phase IBCs are connected in series and compared with
two cascade boost converters. Figure 4.3 shows the inductor current comparison and Figure 4.4
shows the output voltage comparison. It is noticed that the CIBCs deliver higher output voltage
level with less inductor current.

Figure 4.3 Inductor current.
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Figure 4.4 Output voltage.
For multi-level converter, two three-phase IBCs are connected in parallel and compared
with two boost converters. Figure 4.5. shows the output current comparison and Figure 4.6. shows
the output voltage comparison. The IBCs show higher output current and voltage, less overshot
and fast steady state response. The systems specifications are listed on Table 4.1.
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Figure 4.5 Output current.

Figure 4.6 Output voltage.
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Table 4.1 Systems Specification
Parameters

Values

Input voltage, Vi

100 V

Cascade

First-stage

system

L_b=L_IBC1=L_IBC2

560 µH

Cb_o1=C_ibc_o1

100 µF

Second-stage
L_b=L_IBC3=L_IBC4

860 µH

Cb_o=C_ibc_o

200 µF

Switching

25 KHz

frequency, fs
Duty cycle, d

0.75

Output resistance, 75 Ω
Ro
Input voltage, Vi

100 V

Multi-level

L_b=L_IBC1=L_IBC2

560 µH

system

Cb=C_ibc

100 µF

Duty cycle, d

0.5

Switching

5000 Hz

frequency, fs
Output resistance, 75 Ω
Ro
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4.5 Stability
4.5.1 Stability and CPL
Cascade IB converter in power electronic system could react as Constant Power Loads
(CPL) in a multi converter system (cascade converters) that pursue as a negative impedance
characteristic (dV/dI < 0) as displayed in Figure 4.8 which discussed in [92] and [93]. The behavior
of CPL may affect the stability of the system. Control system engineers have studied and analyzed
that the boost converter is unstable when connected with a CPL, but Constant Voltage Load (CVL)
should be observed to reach the stability. The parallel CVL with CPL, diode and inductor of the
source converter has an effect which is mathematically calculated and estimated on system stability
and was discussed in [94],[95], [96].
The performance of each converter when they are cascaded may decreased or become unstable.
CPL technique is applied mainly to test the stability and assure constant power is delivered as
shown in Figure 4.7. In general, the open loop systems interconnected CPL are unstable but can
be turned into stable by applying a feedback control system [96].

DC

DC-DC
Converter

DC-DC
Converter

R

Controller
Constant power
Constant Power Load
(CPL)

Figure 4.7 CPL for multi converter.
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-

Vref

Voltage
V

V/ I = -RCPL

I

Current

Figure 4.8 Negative impedance characteristic of CPL.
4.5.2 Stability Analysis of Interleaved Boost Converter with CPL
The interleaved boost converter running in continuous conduction mode, CCM connected
with a CPL with switching period, T and duty cycle, D is displayed in Figure 4.9. The control to
output transfer function (

vˆo ( s)
) is determined using averaging technique to deliver the state-space.
dˆ ( s)

When the switches (Q1 and Q2 = ON, the state-space equations of boost converter with a CPL
when can be written as:

diL1
dt

diL2
dt

=

1
vi
L1

(4.3)

=

1
vi
L2

(4.4)

dvc −1 vc −1 P
.
=
=
dt
C R C vc

When the switches (Q1 and Q2 = OFF), the state-space equations can be written as:
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(4.5)

diL1

=

1
(vi − vc )
L1

(4.6)

=

1
(vi − vc )
L2

(4.7)

dvc 1
P
= (iL − ) .
dt C
vc

(4.8)

1
vi
vˆo ( s )
L1C
.
=
dˆ ( s ) s 2 + P s + 1
CV 2
L1C

(4.9)

dt
diL2
dt

The transformer function is given by,

L2

iL2

D2

L1

iL1

D1

Q1

Q2

+

C

Vi

Vc CPL

-

Figure 4.9 Interleaved boost converter with CPL.
For an interleaved boost converter with parameters listed in Table 4.2, the poles as shown in Figure
4.10 are located on the right half plane indicates that the system is unstable.
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Figure 4.10 Poles of boost converter with CPL.
Table 4.2 System specifications.
Parameter

Value

Vi

20 V

L

560×10-6H

C

100×10-6F

P

140W

4.5.3 Stability Issue of Cascade Converters
The instability issue of cascade converters comes from the interaction between them even
they are well designed and worked perfect individually [97]. There are many techniques that
investigate the stability issue. One of the best methods is Middlebrook’s stability criterion.
4.5.3.1 Middlebrook’s Stability Criterion
Middlebrooks’s stability criterion is a technique that applied for cascade systems to prove
that system is stable [92]. Connecting power converters in series (cascaded) is one of the basic
configurations of DC distributed power systems [98]. The instability issue could be float from
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impedance interaction between single converters at several stages even though each converter in
the stage is perfectly designed and individually stable [97],[99]. One of the most utilized methods
of impedance/admittance criteria is the Middlebrook criterion, which states that the system that
contain cascade power converters will remain stable if the Nyquist contour of Zo1/Zi2 lies within
the unit circle [97][100]. Middlebrook clarified that the cascaded system is stable if the first-stage
and the second-stage converters, as displayed in Figure 4.11, are individually stable, and the output
impedance of first-stage converter, Zo1 , is lower than the input impedance of second-stage
converter, Zi2 , for the valid frequency domain [16]. Based on Middlebrook Criteria [101], to secure
the stability of cascaded system, the cut-off frequency of the first stage should be greater than the
cut-off frequency of the second-stage converter and |Zo1 |and |Zi2 | is not intersected; and to secure
that Zo1 < Zi2 in the valid frequency domain [102], and |Zo1,peak| must satisfies |Zo1,peak| ≤ | Vo12
/Po2 | [103].
The output impedance of the source converter is
Z os ( s) =

Vi Gc ( s)G ( s)
,
1 + Vi Gc ( s)G ( s)

(4.10)

where Vi is the steady state of the source voltage, Gc(s) is the transfer function of the output voltage
control, G(s) is the transfer function from duty cycle to output control (Vo(s)/d(s)). Within the
bandwidth of the closed loop:
1 , and

(4.11)

Vi Gc ( jw)G( jw)
1.
1 + Vi Gc ( jw)G( jw)

(4.12)

Gc ( jw)G ( jw)
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Middlebrook’s stability criterion
Z o1 ( s )  Z i2 ( s ) , is performed.

(4.13)

+

First-stage

+

+

Second-stage

+

Vi1

DC-DC
converter

Vo1

Vi2

Vo2

-

-

DC-DC
converter

-

Zo1

-

Zi2

Figure 4.11 Cascade power converters.
4.5.3.2 Hamiltonian function:
Hamiltonian technique or (energy function) [23] is to investigate the stability of cascade
power converters. The passivity properties and the Port-Controlled Hamiltonian (PCH) based on
the evident system structure, where the system energy interpretation is allowed [104]. The dynamic
behavior of the interactions between the source converter and the load converter could be analyzed
in PCH models [105]. The Passivity-based control (PBC) is a property that can be used to design
controllers for cascade systems [38]. The technique is investigated by using root-locus method to
examine the complete system stability based on the following state-space system for cascade IBC
shown in Figure 4.12.
L2

iL2

D2

L1

iL1

D1

Q1

Q2

+

C1

Vc1

L4

iL4

D4

L3

iL3

D3

Q3

Q4

Vi

+

C2

Vc2 R

+
Vo
-

-

-

Figure 4.12 Cascade IBC.
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System Model:
The derivative of the inductors current and the capacitor voltage of the source IBC converter can
be written as the following equations:

diL1
dt
diL2
dt
dvc1
dt

Vi − (1 − d )vc1

=

(4.14)

L1

=

=

Vi − (1 − d )vc1

(4.15)

L2
(1 − d )i1 − i o1
C1

.

(4.16)

The derivative of the inductors current and capacitor voltage of the load IBC converter can be
written as the following equations:

diL3
dt
diL4
dt

dvc2
dt

=

=

Vo1 − (1 − d )vc2

(4.17)

L3
Vo1 − (1 − d )vc2

(4.18)

L4
(1 − d )i2 −

=

C2

Vo
Ro

.

(4.19)

The energy control provides the reference voltage (or reference current). The controller law is
provided as:

dSe 1
= C2 (Vref2 − Vo2 )
dt 2
Vref =
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Po
,
Io

(4.20)

(4.21)

where Se denotes the integral actions in the energy voltage loop.
The voltage control provides the duty cycle of the system, d, and is connected to control the output
voltage (or output current). The controller law is written as

dSi
= Vref − Vo ,
dt

(4.22)

where Si denotes the integral actions in the voltage control loop.
The nonlinear state-space model can be determined by using small signal theory as:
 Vi − (1 − d )vc1 


L1


 Vi − (1 − d )vc 
1


L

 iL1  
2
   V − (1 − d )V 
o

 iL2   o1
L3

i  

 L3  
V − (1 − d )Vo 
d  iL4   o1

 =
L4
dt  vc  

1
   (1 − d )i1 − i o1 

vc2  
C1

S  
 i   (1 − d )io1 − i o 

 Se  
C2


 V −V

ref
o


 1 C (V 2 − V 2 ) 
o 
 2 2 ref
.

(4.23)

Root-locus or pole-placement techniques could be used to investigate the dynamic system
stability.
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4.5.4 Stability of Parallel Converters
The stability of multi-level converters could be investigated by using root-locus method to
examine the complete system stability based on the following state-space system for two parallel
IBCs as shown in Figure 4.13 [106][107]:

 0


 iL1   0
  
 iL2  
   0
d  iL3  
=
dt  iL4  
   0
 vc1  
  1 − d
 vc2  
 C1

 0


0

0 0

−(1 − d )
L1

0

0 0

−(1 − d )
L2

0

0 0

0

0

0 0

0

0

0 0

0

1− d
C2

0 0

0

L2

iL2

D2

L1

iL1

D1

Q1



1

L 

0   iL   1 
1
1
    
−(1 − d )   iL2   L2 
 
L3   iL3   1 
+   Vi
−(1 − d )   iL4   L3 
 
L4   v   1 
c1
    L4 
0   vc2 
0

 

0
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+
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Q3

Q4
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-

+

C2

Vi

Vc2

-

Figure 4.13 DC microgrid structure.
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(4.24)

4.6 A Novel Multi-stage Interleaved Boost Converter for PV Application
Multi-stage IBC are three IBCs connected in series to reach a high voltage level with less
output current for PV application as depicted in Figure 4.14. Normally, the PV output current is
high that needs a high inductor value which result in bulky size of the system. Using the IBC could
reduce the size and the input current ripple and increase the system efficiency. The stability
between the two converters is one of the main issues for cascade converter. The first-stage is
designed as a four-phase IBC to handle the high PV output current as displayed in Figure 4.15.

Figure 4.14 Multi-stage multi-phase IBCs for PV application.

Figure 4.15 Multi-stage multi-phase IBCs.
The individual IBC in each stage is to design separately based on regular design criteria
[64], [40]. For the first-stage, four-phase IBC is designed to meet the high input current and to
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transfer the highest power with reduced input current ripple, small component size less stress on
power devices and better efficiency [108]. The waveform for S1, S2, S3 and S4 are delayed by 90o
as shown in Figure 4.16. For the second-stage, three-phase IBC is chosen as the current is reduced.
The switches S5, S6 and S7 are delayed by 120o as shown in Figure 4.17. For the third-stage, twophase IBC is chosen. The switches S8 and S9 are delayed by 180o as shown in Figure 4.18.
Transport delay tools are used to adjust the phase shift for each stage. IBCs work in continuous
conductance mode. PWM pulse generator is used to generate the pulses for each switch based on
the reference signal produced by the InC MPPT controller. The output capacitor is selected large
enough to consider the high voltage applied. The power ratio of multi-stage IBCs is
Vo
1 m
=(
) ,
Vi
1− d

where m is the number of stages and duty ratio is 0 < d < 1.

Figure 4.16 First-stage switches waveforms.
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(4.25)

Figure 4.17 Second-stage switches waveforms.

Figure 4.18 Third-stage switches waveforms.
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Figure 4.19 First-stage inductor current waveforms.

Figure 4.20 Second-stage inductor current waveforms.
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Figure 4.21 Third-stage inductor current waveforms.

Figure 4.22 Output voltage waveforms.
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Figure 4.23 Output current waveforms.
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CHAPTER 5
ROBUST CONTROL TECHNIQUE
This chapter presents the control technique and the control design problem for IBC using
MATLAB/SIMULINK based on the linearized model of the multi-phase IBC converter presented
in ch.2. The concept of modern robust control theory and µ-analysis and synthesis approach for
robustness is provided is this chapter. The simulation results of IBC is discussed and validated by
the experimental results.
5.1 Introduction
When George James and Bruce Francis introduced the importance of robustness in control
systems in 1980s, the topic become a very interesting for control engineers which extended to
more general problems [109]. Robust control design tends to emphasize H- technique for
optimization of performance objectives. The process is based on the theory that sufficient gain and
phase margin are provided by a suitable single-input single-output (SISO). Solving a linear matrix
inequality constraint with a defined optimization cost function results in robust stability of closedloop [110]. The development of the robust control has a great impact to guarantee stability and
high performance of electrical power systems with respect to uncertainties, disturbance effect, and
non-linearities [111]. The satisfied solutions can be achieved by using mixed sensitivity, H- loop
shaping and µ -synthesis approaches. The µ-synthesis approach was provided by Doyle in 1982 to
assess the impact of parametric uncertainty. The approach is a model for robust control and a
successful technique for an efficient controller within structured and unstructured uncertainties
and disturbance conditions [110]. In this research, an improved robust controller design method
using µ-synthesis and H-infinity to achieve optimal voltage regulation for IBC output voltage and
DC bus voltage for grid connected PV system.
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5.2 DC-DC Boost converter control problem
DC-DC power boost converters are challenging to maintain stable due to the tendency to
exit the stability region especially at high duty ratio and because of the right plane zero and the
inherent operating characteristics of the semiconductor switch that cause the nonlinearity
properties [112],[113]. The differences between real system and its nominal model, that is used
to build the controller, is the main issue for converter control system and stability. One of the
benefit of robust stability theory is the ability to determine stability boundary condition of
uncertain system models that make it mimics the real system. Controlling Interleaved boost
converter is another challenging as it contains multi boost converter in parallel and sharing the
output.
5.3 Robust Controller Design:
5.3.1 Perturbation Models
Nominal models are used to illustrate the plant model wherein input voltage and load are
related to dc gain, poles and RHP zeroes of the system but they are not representing the actual
operation system as the inductor and capacitor values have electromagnetic properties that have
small change with frequencies and the amount of current [114]. To cover the possible values of
these changes, simple block perturbation (Figure 5.1 ) called input multiplication is applied to the
nominal model as shown in eq. 1 where ∆(s) is a unity norm perturbation and w(s) is an uncertainty
weight [115], Equation Section (Next)
G ( s ) = G ( s )[1 + ( s ) w( s )] .
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(5.1)

G (s)
W(s)
ref

-

e

s)

u

K(s)

d

+

G(s)

+

y

Figure 5.1 Multiplicative uncertainty.
The nominal model and possible values are listed in Table 5.1 and the Bode plot of uncertain
system is shown in Figure 5.2. The uncertainty bound and possible multiplicative perturbation is
displayed in Figure 5.3 where the uncertainty bound covers all possible values. Accurate
calculations and uncertainty percentage mean safety stability margins for the controller. Robust
controllers are able to cover the small changes between the nominal model and actual dynamic
system. The uncertainty comes from:
1) Approximated parameters.
2) Model nonlinearity.
3) Sensors error and external noises.
4) High frequency effect and parasitic.
5) Age.
6) Temperature.
7) Part-part variation in manufacturing.
On robust control system design, it is necessary to consider the parameters changes to meet the
operating system to mimic the real system
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Table 5.1 IBC parameters with uncertainties.
Parameters

Values

Uncertainty

Input voltage, Vi

20V

[15 25]

Inductor value, L1=L2=L3=L4

560×10-6 H

±10%

Capacitor value, C

470×10-6 F

±10%

Resistance load, R

400 Ω

[200 500]

Figure 5.2 bode plot of uncertain system
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Figure 5.3 Uncertainty bound and input multiplicative perturbation.
5.3.2 H∞ Method
The optimization H∞ method has become an efficient robust control design method in the
field of Linear Time Invariant LTI control systems since 1980s as explained in [116]. H∞ technique
based on norm-based optimization theory enables robust performance and intends to sufficient
performance in worst-case disturbance cases. To include tracking and robustness, the design
specifications used limitations on the singular values of loop transfer functions where loops can
be shaped by weighting functions. H∞ has the ability to assure the stability of closed-loop systems
require and performance. First, H∞ has the following condition that should be satisfied as

G



= sup G ( jw)

(5.2)

w

which results in minimum singular value of the bode diagram that shows the largest robust stability
margin. H∞ method includes performance conditions, disturbance rejection, control input
constraints, and robustness achievements.
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5.3.3 Mixed Sensitivity Problem
The system displayed in Figure 5.4 which include model uncertainties and possible
perturbation must be satisfied by the nominal performance to ensure the robust stability and
performance specification by mixed sensitivity problem as [117]:
S
min R ,
K

Stabilizing

T

(5.3)



which describes the closed-loop system with model uncertainities and possible perturbation. Here
S is the sensitivity, R is the control effort, and T is is the complementary sensitivity functions. The
three functions will be shaped by using mixed sensitivity method . The sensitivity is reflected the
disturbance transfer function from the output d to the reference output y which will determine the
steady-state behavior of the feedback system and the disturbance attenuation [118]. The sensitivity
is designed small in magnitude to secure a perfect reference tracking and deminish the disturbance
effect. The comeplementary sensitivity, T, is the disturbance transfer function to the control signal
and is desired to limit the control signal, which is designed small at all frequance ranges to
minimize the norm [119]. Here ∆ represents the uncertainities.
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Augmented Plant
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d

Vref

u

G

-

+

y

Wp

Wu

K
Figure 5.4 Typical diagram of a feedback control system.
Where wp, wu, wt are the performance, control, and noise weight functions respectively. wp forms
sensitivity function that measures the disturbance rejection, steady-state error, and plant variations.
Wu measures the control input limitation. wt measures the system oscillations.
The controller, K can be found by using MATLAB robust control Toolbox’s command [120]:
[ K , CLP, gamma,inf] = mixsyn(G, w p , wu , wt ) .

(5.4)

The command penalizes the error signal, wp, control signal, wu, and noise signal, wt to make the
following closed loop transfer function:
1 

w
p
 I + GK 


GK 

Tyu = wu
.
 I + GK 


 wt K 
 I + GK 
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(5.5)

The controller target is to design a stable controller that diminished the norm of transfer function:
1
I + GK
GK
wu
I + GK
K
wt
I + GK

wp

 1.

(5.6)



5.3.4 Robust Modeling
The block diagram of robust control system with µ-analysis is displayed in Figure 5.5. Here, w is
the disturbance inputs, u represents the control inputs, z is the error outputs (small value), y is the
measurements outputs to the controller. The uncertain plant is constructed by building a state space
model with uncertainties of parameters and dynamics.

w

z

P
y

u

K

Figure 5.5 Block diagram for generalized plant.
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Using the Fl ( P, K ) , the model can be reduced to N-∆ structure s displayed in Figure 5.6 which
enables to assess the stability margins of uncertain systems using µ-analysis.

w

z

N
Figure 5.6 N-∆ structure.

Assume that:
N
N =  11
 N 21

N12 
.
N 22 

(5.7)

To fulfill robust stability analysis, matrix M is defined as
M ( s ) = N11 ( s ) ,
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(5.8)

M

Figure 5.7 µ-analysis structure.

 z   P11
 y = P
   21

P12   w
P22   u 

u = K (s) y .

(5.9)

(5.10)

The connection between robust control and the disturbance attenuation problem can be found by
the input output transfer function which can be written as [121]:
Tzw = P11 + P12 K ( I − P22 K ) −1 P21 .

(5.11)

The lower linear fractional transformation (LFT) is determined as [121]:
N = Fl ( P, K ) = P11 +

P12 K
P21.
I − P22 K

(5.12)

Here P is the nominal plant.
5.3.5 Robust design requirements
The control system goal is to provide robustness with respect to uncertainties. Uncertainty
parameters are listed in Table 5.1. The control task is to maintain the closed loop system stable
and to minimizes the maximum value of the sensitivity function to minimize the disturbance
influence on the output as
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min S
K

(5.13)



or

wp S
Tzw



= wu KS
wtT

 1.

(5.14)



5.3.6 Weighting functions selections
Weighting functions are low-pass and high-pass filters used to formulate the augmented
plant for µ-synthesis to deal with system perturbation that lead to reach the desired controller
performance by ensuring the norm of in eq. (5.12) is less than one. The purpose of the weighting
functions is to measure the estimated indication of required performance criteria within particular
frequency range [122]. One of the difficult tasks in robust control design is the selection of
weighting functions to shape the desired performance criteria within certain frequency scope [123].
The general guidelines to choose the perfect weight functions are mentioned in [124],[111],[125]
are:

wp =

wu =

s
+ wb
Mp
s + wb Ab

 s + Au
,
s
Mu

(5.15)

(5.16)

+1

where Mp and Mu are high-frequency gains, Ap and Au are low-frequency gains, wb and  are the
cross-over frequencies. Trails and errors were done until the robust performance are obtained. In
case of 4-phase IBC the weight functions are chosen as follows:
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0.05s + 1250
10s + 0.1
0.01s + 110−4
.
wu =
0.001s + 100
wp =

Wt is designed small constant (0.1) as a high pass filter to minimize the impact of disturbance and
controller energy [118]. It is remarkable to say that weight functions are a key issue in the µsynthesis control design and a suitable selection of weight transfer functions drives to a robust
performance.
5.4 µ-synthesis analysis
µ-synthesis controller design technique is one of the robust control techniques to account
for all performance limitations and plant uncertainty described by weight functions [126]. As the
other regular controller design techniques don’t utilize the uncertainty model during controller
synthesis and take the uncertainty model which gives the µ-synthesis an advantage [110]. The
procedure is to diminish the structured singular value of N, µ(N(K)) over all frequencies by
locating a stabilizing controller. The controller design is achieved if the following condition is
satisfied:

(N )  1,

(5.17)

where

 − wtT
N =  − wp GS
 − wT
.

wt KS 
wp S  .
w. KS 

(5.18)

The goal of test is to ensure this norm are nominal stability NS and nominal performance NP and
to reach robust stability RS and robust performance RP.
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The µ-synthesis algorithm is complex due to the SSV minimization is approached at all
frequencies. Thus, MATLAB Robust Control Toolbox has utilized functions to do µ-synthesis.
The controller process is carried out with the command musyn to synthesizes the automated design.
Many iterations will be performed to get the µ-value. The µ-value should be less than one which
means that the controller achieves the task and the system is robustly stable and the performance
is robust. The controller objective is to achieve robust stability and robust performance.
5.5 Robust stability and performance
The system robustness requires the designed controller maintain a satisfactory performance and
obtain the following conditions [127]:
•

N is internally stable (Nominal stability, NS)

•

The nominal performance, NP is gained if and only if N 22

•

Robust stability, RS is performed if and only if the system is internally stable (NS) for all
parameters and N11

•





 1 or Twz



 1.

 1 or  ( N11 )  1 .

Robust performance, RP is approached if and only if N



 1 or  ( N )  1 for all

frequencies.
5.5 Control of boost converter
A robust controller design method using µ-synthesis is applied for dc-dc boost converter. The
model is compared with the conventional PID controller. Step responses of PID versus µcontrollers is displayed in Figure 5.8. The robust stability and robust performance of µ-controller
is shown in Figure 5.9 and Figure 5.10 respectively.
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Figure 5.8 Comparison of PID and µ-controller.

Figure 5.9 Robust stability.
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Figure 5.10 Robust performance.
The µ-controller exhibits more improvements compared to the PID controller such as fast step
response, and less overshoot voltage.
5.6 Control of IBC
The DC/DC interleaved boost converter is regulated by feedback control to provide a constant
output voltage or constant output current.
5.6.1 Robust Voltage Control
The system is a second order system with a right half plane zero that results in a large phase shift
which make it strict control design to maintain stability. Therefore, a robust controller is required
to achieve stability and minimizes the influence of the disturbance on the output voltage. The
control strategy is depicted in Figure 5.11.
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Figure 5.11 Voltage control strategy.
PID Voltage Control Design
PID control is the most method used to control the DC-DC converters output voltage where
more than 95% of the control types are PID. Zigler-Nichols step response, which is based on the
open loop step response, is one of the classical methods for PID controller design. The PID transfer
function is:

K (s) = K p +

Ki
+ Kd s ,
s

(5.19)

where Kp is the proportional gain to fix the open loop gain of the control system, Ki is the integral
gain to cancel steady state error, and Kd is derivative gain to damp oscillation and to maintain
accurate control. These parameters adjust the system dynamic responses.
The parameters for the designed PID controller are provided in Table 5.2.
Table 5.2 PID parameters
Kp

Ki

Kd

0.0395

5.95

2.0102e-5
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Rise time, overshoot and settling time are the factors that characterize the closed loop step response
to reach system stability. The values of these factors and robustness are listed in Table 5.3.
Table 5. 3 PID performance and robustness
Parameters

Values

Rise time

0.000415 seconds

Settling time

0.00842 seconds

Overshoot

14.7%

Gain margin

27.1 dB @1.51x105 rad/s

Phase margin

70 deg @ 3.2x103 rad/s

5.6.2 Robust Current Control
The inductor current among the multi-phase IBC should remain in balance to have equal current.
A robust controller is required to achieve stability and minimizes the influence of the disturbance
on the output current. The control strategy in depicted Figure 5.12.
The controller tasks are determined as follows:
1) Maintain equal current in the IBC phases.
2) Ensure robust stability and performance.
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Figure 5.12 Current control strategy.
An average current sharing for four-phase IBC is presented in this section based on µ-synthesis
approach to track the output current and to provide equal current for the inductors. The transfer
function used to design the current controller is [7]:

2(d + 3)
RC
(1 +
)s
iL
1
−
d
d
+
3
=
.
d RLCs 2 + 2 Ls + 2 R (1 − d ) 2

(5.20)

The controller performance is tested by changing the load from 100Ω to 67Ω at 1.0 sec. The supply
is step changed from 20 to 25 V at 2.1 sec. The controller achieved good tracking to the reference
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current which was change from 1 to 1.2 at 2.1sec. The simulation results is displayed in Figure
5.13. The inductor current is equal as shown in Figure 5.14.

Figure 5. 13 Output current of IBC.

Figure 5.14 Inductor current for each phase.
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5.6.3 Voltage Control Simulation Results
Four-phase IBC is designed and simulated using MATLAB/Simulink software as
displayed in Figure 5.15 with parameters displayed in Table 5.4. The model is tested for open loop
at different gate signals and for closed loop. For open loop, the converter is tested for duty ratio of
0.25, 0.5 and 0.75. Figure 5.16 shows the output voltage waveforms. The µ-controller is
implemented to achieve high performance and track the reference voltage and the variation of the
load, reference voltage and input supply. To determine the disturbance effect on the controller, the
input voltage of the IBC is step changed from 10 to 15 V at (t= 4 sec). and the load is changed
from 510 to 306 Ω at (t= 1.4 sec). Reference voltage is changed from 74 to 56 V to check the
controller response at (t= 2.7). Simulation results are displayed in Figure 5.17. The controller is
compared by PID controller as in Figure 5.18 which shows higher overshot voltage and the PID
controller is not able to keep the output voltage constant when the load is changed compared with
the µ-synthesis controller. The values of gain margin and phase margin are higher for µ-synthesis
controller than the PID which means more stability
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Figure 5.15 Simulation model for closed loop.

Table 5.4 Closed loop IBC parameters.
Parameters

Values

Input voltage, Vi

10, 15V

Inductor, L1=L2=L3=L4

560×10-6 H

Capacitor, C

470 ×10-6 F

Sampling time, Ts

100×10-6 sec

Switching frequency, fs

10 KHz

Resistance load, R

510, 306 Ω

Reference voltage, Vref

74, 56 V
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Figure 5.16 Output voltage at different duty cycles.

Figure 5.17 Closed loop output voltage and current.
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Figure 5.18 PID voltage response.
5.6.4 Experimental Results
5.6.4.1 Hardware Prototype Description
A prototype of a four-phase IBC has been designed and implemented in order to verify the
simulation results with the experimental results. The set up of the hardware consists of three
circuits; the power supply circuit, pulse generation circuit and main power circuit. The main power
circuit includes four boost converters in parallel with IGBT transistors and SiC diodes. The gate
driver is employed to produce the needed pulses to ignite the transistors with 10 kHz switching
frequency. The complete prototype set up is shown in Figure 5.19.
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Figure 5.19 Prototype of four-phase IBC.
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Figure 5.20 Experimental setup view.
The test on the four-phase IBC was carried out for open loop and closed-loop system. The test was
operated with one signal for all switches and with phase shift of 90o, 180o, and 270o. The
parameters of the prototype are listed in Table 5.2. The open loop tests were carried out for the
same gate signal with duty cycle values of 0.25, 0.5 and 0.75. The waveforms of the output voltage
for these cases are shown in Figures 5.21, 5.22 and 5.23 respectively.
.
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Figure 5.21 Output voltage (d=0.25).

Figure 5.22 Output voltage (d=0.5).
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Figure 5.23 Output voltage (d=0.75).
The result of the experiment shows high voltage ratio and verifies the simulation results
for both cases. The closed loop was carried out after generating the code into the control card (TI
Delfino 28335) installed in the DSP by using MATLAB feature. The output voltage for the closed
loop is shown in Figure 5.24. The system shows stable system and verifies the simulation result.

93

Figure 5.24 Output voltage of µ controller.
5.6.5.2 Shift-phase and Ripple Current
In order to study the effect of phase shift on input current ripple, the converter is derived a
shifted gate signal with 45o, 90o and 135o for duty cycle 0.5. The output voltage is shown in Figure
5.16 and the input current ripples is shown in Figures 5.25-5.27. It is observed that .
The topology was tested for the output voltage of each duty cycle. Output voltage and waveforms
of PWM of each case are represented in Figures 5.28-5.30.
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Figure 5.25 PWM waveform.

Figure 5.246 Output voltage with shift-phase 25% at d=0.5.
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Figure 5.25 PWM waveform.

Figure 5.26 Output voltage with phase-shift 50% at d=0.5.
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Figure 5.27 PWM waveform.

Figure 5.30 Output voltage with phase-shift 75% at d=0.5.
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5.7 Conclusion
The design, control and implementation of µ-controller applied to multi-phase IBC is to
guarantee robust performance under load variation and input supply changes and with the exist of
disturbance is achieved with good reference tracking. It is demonstrated from the simulation and
experimental results that µ-controller is affecting in regulating the output voltage under external
disturbance. The controller has small overshoot, fast dynamic response, and high robustness.
From the simulation results, it can be concluded that µ-control technique obtains robust stability
and robust performance under the uncertainty and external disturbance.
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CHAPTER 6
RESEARCH RESULTS
6.1 Introduction
This chapter presents the design of robust controllers using µ-synthesis technique for multiphase IBC using MATLAB/SIMULINK based on the linearized model of the multi-phase IBC
converter in Ch.2. The performance is analyzed in the presence of load and input supply variations.
Multi-phase IBC is designed and simulated to verify the theoretical work proposed in this
thesis. Several simulation models have been designed to validate the stability theories and control
strategies proposed in chapter four and five.
The following tests are detailed in this Chapter:
•

Control of AC-DC power system

•

Control of cascade boost converter.

•

Control of cascade IBC for PV system.

•

Control of DC-link voltage for:
•

DC-Grid interconnected IBC.

•

PV-Grid interconnected IBC.

6.2 Control of AC-DC Power System using Cascade IBC.
Using the IBC for AC/DC converting is a solution for the limitation of high gain
applications over the conventional boost converter, the power factor correction and improved
THD. These features were tested to prove that IBC controlled by µ-synthesis as depicted in Figure
6.1.
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Figure 6.1 Block diagram of controlled cascade PFC system.
The system specification is listed in Table 6.1. The four-phase IBC is designed to meet the AC
side. The system was interrupted by changing the load from 200 to 180 Ω at (t = 0.6 sec) and
reference voltage was changed from 400 to 420 V at (t= 1 sec). Figure 6.2 shows voltage
waveforms of each stage. Figure 6.3 shows the current waveform of each stage.
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Table 6.1 Specification of AC/DC power system.
Parameters

Values

Input voltage, Vi

100 V, peak

AC frequency, f

50 Hz

Inductor, L1=L2=L3=L4

560×10-6 H

Capacitor, Co

900×10-6 F

Switching frequency, fs

9 KHz

Resistance load, R

200, 182 Ω

Reference voltage, Vref

400, 420 V

Figure 6.2 Voltage responses.
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Figure 6.3Current responses.

The controller shows sufficient performance and good tracking.
6.3 Control of Cascade Boost Converter
In this section µ-controller is designed for closed loop cascade boost converter as depicted
in Figure 6.4. to assure high performance under load and input supply variations and under
uncertainty values to regulate the output voltage. The input supply is changed from 20to 25 V at
(t= 0.2 sec.) and resistance load is changed from 20 to 15 Ω at (t= 0.35 sec.) and to 12 Ω at (t= 0.6
sec.) to interrupt the system while the reference voltage is changed from 100 to 120 V at (t=0.45
sec.). The controller responses is shown in Figure 6.5. The system efficiency is sufficient high as
noticed from Figure 6.6.
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Figure 6.4 Block diagram of closed loop cascade boost converter.
Table 6.2 Cascade boost converter specifications.
Parameters

Values

Input voltage, Vi

20, 25V

Switching frequency, fs

10kHz

Inductor, L1

560µH

Inductor, L2

860µH

Capacitor, C1

100µF

Capacitor, C2

300 µF

Load resistance, R

20, 15, 12 Ω

Series resistance, rc=rL
Output reference voltage, Vref
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1mΩ
100V, 120V

Figure 6.5 Waveforms of system responses.

Figure 6.6 Power.
Simulation results show that µ-controller is able to achieve robust performance.
6.4 Control of CIBC for PV application
Designing the control system of converters connected in series or (cascaded converters)
demands that the output impedance of the source converter is less than the input impedance of the
load converter to achieve system stability [128] which might derive some challenging in the
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converter design and the control system. The CIBC boosts the input voltage from 60 V to 500 V
and steps-down the input current from 26 A to 2.9 A. The solar panel specification is provided in
Table 6.3. The switches of PV-converter are pulsed with one signal which has the same switching
frequency with phase shift 360/n = 90o. The circuit of CIBC is shown in Figure 6.7. Each IBC is
designed individually based on regular design method that meets the two stages stability criteria.
The PV-converter is to step up the PV output voltage from (60 V) to (233 V) and to step-down the
input current from (26 A) to (15 A). It is designed with four-phase to handle the high input current,
transfer the highest power and to reduce the input current ripple with better efficiency [40]. The
waveform for Q1, Q2, Q3 and Q4 are phase-shifted by (360/4 = 90o) to drive the IGBTs switching
devices. The pulses are generated by PWM generator based on InC MPPT controller. The load
converter is to boost the output voltage of PV-converter from (233 V) to (500 V) and to step-down
the current from (15 A) to (2.9 A). It is designed with two-phase to be regulated by µ-controller to
promote the system stability. The switches Q5 and Q6 have the same pulse signal as displayed. The
duty cycle ratio of CIBC is determined by the following equation:

d = (1 −

Vi
) m ,
Vo

(5.21)

where m is the number of stages.
The parameters of PV-converter and load-converter are provided in Table 6.4. The cascade
interleaved boost converter is modeled and simulated using MATLAB/Simulink software. The
simulation circuit is depicted if Figure 6.8.
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Table 6.3 Solar panel specifications.
Parameter

Value

Peak power, Pmp

305.226 W

Voltage at peak power, Vmp

54.7 V

Current at peak power, Imp

5.58 A

Short circuit current, Isc

5.96 A

Open circuit voltage, Voc

64.2 V

Temperature coefficient of Isc, Ki

0.061745

Cells per module, Ncell
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Table 6.4 Converters specifications.
Parameters

Value

Vi

60 V

Capacitor, Ci

100×10-6 F

Inductor, L1, L2, L3, L4

560×10-6 H

Capacitor, C1

100×10-6 F

Inductor, L4=L5

560×10-6 H

Capacitor, Co

400×10-6 F

Resistance load, Ro

175Ω

Switching frequency, fs

9kHZ
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Figure 6.7 Cascade IBC for PV system.

Figure 6.8 Simulation model.
The system performance of µ-controller is tested under load resistance changes with 25% at
(t=0.3 sec.). The controller proves robust performance as shown if Figure 6.9 for the input voltage,
PV-converter output voltage, and the load voltage. The system input current, load-converter input
current and output current are shown in Figure 6.10. The output power is compared with the input
power in Figure 6.11 where high efficiency is observed.
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Figure 6.9 System input voltage and output voltage of each converter.

Figure 6.10 Load current and input current of each converter.
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Figure 6.11 Power.
The operation of the proposed system is stable and efficient. The CIBC is able to produce the stable
high voltage gain and deliver the maximum power with less ripple.
6.5 Control of DC-link voltage for:
For DC-link voltage, it is necessary to design a robust controller that can regulate the output
voltage and maintain robust performance at disturbance conditions and load variation. In this
section µ-synthesis technique is applied to regulate the DC-bus voltage and maintain system
stability for grid system. The controller tasks are determined below:
1) Regulate the DC bus voltage and track the reference voltage.
2) Achieve robust stability and performance.
6.5.1 Control of DC-3AC Grid interconnected IBC
Recent power systems developments based smart grids have presented challenges to design
new topologies of DC–DC power conversion systems which regulate several input energy sources
to handle the input source variation, deliver a regulated and stable output for different applications.
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IBC converters must be designed to meet their desired performance and specifications for
harmonic distortion and remaining stable in terms of efficiency.
In this simulation, the 4-IBC converter is connected to grid side with frequency of 60 Hz
in order to examine the proposed control along with the efficiency of the converter. The desired
DC bus voltage is calculated based on the peak inverter voltage. Table 6.4 lists the main simulation
parameters. The simulation control strategy is depicted in Figure 6.12. The strategy of Space
Vector Pulse Width Modulation (SVPWM) is selected to generate the control signal of the inverter
by using sine triangle modulation while the µ-synthesis is regulating the DC bus output voltage.
Controlling the DC bus is challenging but it is the successful operation of the system where this
helps the inverter to maintain the grid output voltage regulated.

µ-controller

-

Vref

DC-DC IBC
Converter

DC supply

SPWM

DC-AC Inverter

DC-Link

LC filter

3-phase AC load.

Figure 6.12 Schematic diagram of grid system.
The system responses for load variation from 100 to 80 Ω at (t= 0.35 sec.) and input supply changes
from 100 to 110 V at (t= 0.7 sec.) are shown in Figure 6.13-6.15.
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Table 6.5 Grid connected DC supply.
Parameters

Values

Input voltage, Vi

100, 110 V

Reference voltage of DC-link

400V

Switching frequency, fs

9kHz

Capacitor, C

900×10-6 F

Inductor value, L

560×10-6 H

AC frequency, f

50 Hz

Filter values, L, C

8mH, 100µF

Resistance load, R

100, 80Ω

Load voltage, Vo

450 V (peak)

Figure 6.13Current waveforms.
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Figure 6.14 DC-link voltage.

Figure 6.15 Output voltage and current.
6.5.2 Control of DC-3AC for PV Application intercommoned cascade multi-phase IBC.
IBC converters must be designed to meet their contractual obligations for available active and
reactive power capability and to meet specifications for maximum power generation of PV panel
and remaining competitive in terms of efficiency and to ensure stability [129]. The schematic
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diagram of proposed system is displayed in Fig 6.16 and system specifications for grid connected
PV source converters of is listed in Table 6.6.

MPPT

µ-controller

DC-DC IBC
Converter

DC-DC IBC
Converter

-

Vref

SPWM

DC-AC Inverter

DC-Link

PV source

LC filter

Figure 6.16 PV-grid interconnected cascade IBC.
Table 6.6 Grid connected solar PV source.
Parameters

Values

Reference voltage of DC-link

212 V

Switching frequency, fs

9KHz

Input capacitor, Ci

100×10-6 F

First-stage inductor value, L

560×10-6 H

First-stage capacitor value, C1

400×10-6 F

Second-stage inductor value, L

660×10-6 H

First-stage capacitor value, C2

900×10-6 F

AC frequency, f

50 Hz

Filter values, L, C

8×10-3 H,
100×10-6 F

Resistance load, R

100, 82 Ω

Load voltage, Vo

230 V, (peak)

113

3-phase AC load.

The system is interrupted by the effect of weather changes and the variation of resistance load from
100 to 82 Ω at (t= 0.55sec.). The DC-link voltage and current waveforms are shown in Figure 6.17.
The grid responses is shown in Figure 6.18.

Figure 6.17 Current and voltage waveforms.

Figure 6.18 Grid output voltage and current.
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6.5.3 Control of Grid system supplied by one phase AC system interconnected IBC.
One of the applications of IBC is to generate a high voltage ratio. In this section the
converter is used to boost the input voltage into higher level and enhance the stability. The
schematic diagram is depicted in Figure 6.19 and the system parameters is listed in Table 6.7. The
system is interrupted by the changing the load from 100 to Ω 80 Ω at (t= 0.45 sec.).

µ-controller

-

Vref

AC/DC
Rectifier

DC-DC IBC
Converter

SPWM

DC-AC
Inverter

AC
1-Φ AC
supply

DC-Link

Figure 6.19 Schematic diagram of ac-grid interconnected IBC.
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LC filter

3-Φ AC load.

Table 6.7 Ac-3phase system specifications.
Parameters

Values

Input voltage, Vi

100 V, peak

AC frequency, f

50 Hz

Input capacitor, Ci

200×10-6 F

Switching frequency, fs

9KHz

Inductor, L

560×10-6 H

Capacitor value, C

900×10-6 F

Reference voltage of DC-link

400 V

Filter values, L, C

8×10-3 H,
100×10-6 F

Resistance load, R

100, 80 Ω

Reference voltage, Vref

400, 420 V

Figure 6.20 Voltage waveforms.
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Figure 6.21 Current waveforms.

Figure 6.22 Grid voltage and current.
In summary, this chapter presented the simulation results of the µ-synthesis control technique in
several applications. The controller performance showed sufficient performance and achieved
robust stability.

117

CHAPTER 7
CONCLUSION
7.1 Summary
This dissertation has proposed a concept for an interleaved boost converter topology for different
applications. The proposed topology is applied for single and cascade converters for DC load and
AC load. The robust mu-synthesis controller applied to the four-phase IBC was able to stabilize
objects in the desired case with the robust performance and the steady-state error.
The research on multi-phase interleaved boost converters for power distribution systems mainly
on cascaded multilevel converters that are able to provide higher reliability.
It was shown that a novel multi-phase multi-stage interleaved boost converters for various type of
power transmission systems are proposed. Analysis, design and experimental verification for the
proposed topologies have been presented. The objective of the proposed converters is to reduce
the input current ripple and component size in the converter and also to enhance the system
stability.
7.2 Conclusion
The goal of this research was to apply robust control technique using 𝜇-synthesis analysis to define
the robust stability margins of a non-linear system of an interleaved boost converter over wide
range of operating situations for different power applications.
The research handles the design, control and implementation of multi-phase interleaved boost
converters for power distribution systems mainly on cascaded multilevel converters that are able
to provide higher reliability. In order to tune the mu-synthesis controller, the weight functions were
designed to achieve a robust voltage controller. The response of the controller was illustrated and
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obtained in this research. The controller responses and performance of the output voltage in
different cases are satisfactory in case of constant load and load variations and the reference
voltage as well as the input voltage. In sum, the four-phase interleaved boost converter using 𝜇 synthesis control is highly effective for controlling the output voltage in actual systems and has
showed robust stability and robust performance to parameter variation. The converter has
promising features such as the reduced input ripple, reduced passive components size, and less
power devices stresses that improve the efficiency. The 𝜇 -synthesis controller guaranteed a robust
performance against variation of load and input voltage and track the reference voltage with
disturbance rejection.
7.3 Further work
There are a number of directions that this research could be continued; two of the most promising
are outlined below.
i)

Input current ripple to carry out at different phase-shift cases.

ii)

Controller effect at variation of input voltage and load value.

iii)

Cascade converter is to implement and tested under mu-controller for PV applications.

iv)

Experimental work is conducted to test the mu-controller feasibility.

v)

Apply 𝜇 -synthesis approach on the identification of fractional systems.
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